Metabolic adaptation in various environmental niches is crucial for bacterial extracellular survival and intracellular replication during infection. However, the metabolism of carbon/nitrogen sources and related regulatory mechanisms in Laribacter hongkongensis, an asaccharolytic bacterium associated with invasive infections and gastroenteritis, are still unknown. In the present study, we demonstrated that malate can be exploited as a preferred carbon source of L. hongkongensis. Using RNA-sequencing, we compared the transcription profiles of L. hongkongensis cultivated with or without malate supplementation, and observed that malate utilization significantly inhibits the use of alternative carbon sources while enhancing respiratory chain as well as central carbon, sulfur, and urease-mediated nitrogen metabolisms. The tight connection among these important metabolic pathways indicates that L. hongkongensis is capable of integrating information from different metabolism branches to coordinate the expression of metabolic genes and thereby adapt to environmental changing. Furthermore, we identified that a transcription factor, CRP, is repressed by malate-mediated metabolism while negatively regulating the effect of malate on these central metabolic pathways. Remarkably, CRP also responds to various environmental stresses, influences the expression of other transcription factors, and contributes to the biological fitness of L. hongkongensis. The regulatory network and cross-regulation enables the bacteria to make the appropriate metabolic responses and environmental adaptation.
INTRODUCTION
Bacteria have developed sophisticated adaptive mechanisms to resist environmental changes (Bruckner and Titgemeyer, 2002; Deutscher, 2008; Eisenreich et al., 2010; Beisel and Afroz, 2016) . This metabolic adaptation to various environmental niches and host is a defining feature for both free-living and pathogenic bacteria (Gorke and Stulke, 2008; de Carvalho et al., 2010; Xiong et al., 2016) . Prominent among bacterial adaptive mechanisms to diverse environmental niches are those pertaining to central carbon metabolism which obtain carbon sources to generate energy and produce catabolic intermediates required for the biosynthesis of anabolic macromolecules (Bruckner and Titgemeyer, 2002; Eisenreich et al., 2010) . The growth rate of a bacterium is primarily determined by the preferred carbon source and thus directly influences the competitive success of microorganisms (Stulke and Hillen, 1999; Eisenreich et al., 2010; Beisel and Afroz, 2016) . Most bacteria can employ various sugars, organic acids, and other organic compounds as carbon sources (Bruckner and Titgemeyer, 2002; Gorke and Stulke, 2008; Meyer et al., 2011; Beisel and Afroz, 2016) and can either co-utilize or favor specific carbon sources that are more easily accessed in order to grow faster (Stulke and Hillen, 1999; Eisenreich et al., 2010) . The preference for a certain carbon source over other ones has been termed carbon catabolite repression (CCR) (Stulke and Hillen, 1999; Deutscher, 2008; Gorke and Stulke, 2008) , which means the presence of a favored carbon source would inhibit the expression and/or activity of genes responsible for the utilization of secondary substrates. CCR is an environment-dependent mechanism employed by various bacteria which determines the carbon source to use in order to maximize growth and survival in environmental niches (Eisenreich et al., 2010; Soberon-Chavez et al., 2017) . CCR has been studied in detail in prokaryotic models including Escherichia coli and Salmonella enterica serovar Typhimurium (de Crombrugghe et al., 1984; Stulke and Hillen, 1999; Green et al., 2014) , and is determined to be modulated by the global transcriptional regulator cyclic AMP (cAMP) receptor protein (CRP), also known as catabolite gene-activator protein (CAP) (Han et al., 2008; Green et al., 2014) . In CCR, cAMP production is stimulated by the presence of the preferred carbon source, which activates CRP to bind to the consensus sequence TGTGA-(N6)-TCACA via its helix-turn-helix DNAbinding motif (Zhang and Ebright, 1990; Stulke and Hillen, 1999; Liang et al., 2008) . CRP family proteins have diverse functions in different microorganisms and regulate various metabolic pathways (Stulke and Hillen, 1999; Green et al., 2014; Heroven and Dersch, 2014; Yang et al., 2016) . In Deinococcus radiodurans, the transcription of over 400 target genes is controlled directly or indirectly by CRP (Yang et al., 2016) . Furthermore, there are functional interactions between carbon metabolism and other types of metabolism or other metabolic pathways, such as tricarboxylic acid (TCA) cycles, ion utilization, via CRP and related transcription factors (TFs) (Commichau et al., 2006; Shimizu, 2013) .
Laribacter hongkongensis is a Gram-negative facultative anaerobic bacterium that has been demonstrated to be associated with community-acquired gastroenteritis and stomach and intestinal infection or traveler's diarrhea (Yuen et al., 2001; Woo et al., 2004) , and is suggested to be distributed globally based on the travel records of patients (Woo et al., 2004 Teng et al., 2005; Kim et al., 2011; Beilfuss et al., 2015; Engsbro et al., 2018) . In particular L. hongkongensis has been detected in various species of carp, birds, Chinese tiger frogs, as well as reservoirs of drinking water (Lau et al., 2007a (Lau et al., ,b, 2009 Ni et al., 2011) , indicating its remarkably versatile capability to survive in a wide range of environmental niches. As a gastrointestinal tract pathogen (Woo et al., 2004) , L. hongkongensis has to withstand various hostile environmental niches when transiting from the external environment to the host. The extreme acidic environment of the stomach and the anaerobic condition in the gastrointestinal tract are two of the major environmental stresses encountered during infection (Xiong et al., 2017) . We have previously demonstrated the adaptive mechanisms utilized by L. hongkongensis to resist acidic and anaerobic conditions via finely regulating arginine metabolism pathways by transcription factors ArgR and FNR (Xiong et al., 2014 (Xiong et al., , 2015 (Xiong et al., , 2017 , suggesting the ability to modulate metabolic adaptability in response to hostile stresses encountered in environmental niches or host.
Lhongkongens hongkongensis is an asaccharolytic bacterium and is unable to ferment, oxidize, or assimilate most of the common sugars tested as carbon source due to an incomplete set of enzymes for glycolysis and an incomplete phosphotransferase system . Therefore, L. hongkongensis must utilize other available carbon sources for environmental adaptation. Identification of the carbon sources utilized by this bacterium would allow a better understanding of its carbon metabolism under flexible environmental niches and pathogenesis. However, there is limited information on the identity of the carbon sources used by L. hongkongensis and related molecular mechanisms. Moreover, as it is an asaccharolytic bacterium, L. hongkongensis may obtain its carbon from fatty acids, amino acids, or via the transport of malate by the C4-dicarboxylate family of transporters (Raja and Ghosh, 2014) . Among others, malate, a dicarboxylic organic acid, is abundantly found in tissue and in the environment. In accordance, many malate degradation pathways have been discovered among varied microorganisms (Kawai et al., 1996; Augagneur et al., 2007; Kleijn et al., 2010; Landete et al., 2010; Mortera et al., 2012; Paluscio and Caparon, 2015) . In our previous analyses according to the Transporter Classification Database (TCDB) 1 , the C4-dicarboxylate uptake C family, belonging to class 2 transporters (Electrochemical potentialdriven transporter), is likely to be involved in the transport of malate in L. hongkongensis (Groeneveld et al., 2010) , which can be utilized by this bacterium as the sole source of carbon in minimal medium . Moreover, the presence of complete sets of enzymes for gluconeogenesis, the pentose phosphate pathway, and the glyoxylate cycle in the genome of L. hongkongensis, further indicates the important role of malate metabolism as an intermediate of these pathways.
In this study, we demonstrated that L. hongkongensis can preferentially use malate as a carbon source and the global effect of malate utilization on different metabolic pathways was elucidated as well. Given the close relationship of anaerobiosis with the metabolism of this bacterium, as demonstrated in our previous study (Xiong et al., 2017) , the transcriptomic data of malate-related genes under anaerobic conditions were also analyzed in parallel. Furthermore, we revealed the involvement of the transcription factor CRP in malate-mediated metabolism. The contribution of CRP for bacterial survival under various environmental stresses and biological fitness was determined in this study as well.
MATERIALS AND METHODS

Bacterial Strains and Conditions for Growth
The bacterial strains and plasmids used in this study are listed in Supplementary Table S2 . The wild-type (WT) L. hongkongensis parental strain HLHK9 was a clinical sample isolated from a patient in Hong Kong . Unless otherwise noted, bacterial cultures were grown at 37 • C either in aerobic (shaking) or anaerobic (static) conditions. Strains of L. hongkongensis were grown in brain heart infusion (BHI) media (BBL, BD), Lytic/10 Anaerobic/F Medium (BACTEC, BD) or modified minimal medium M63 supplemented with 19 mM potassium nitrate, 1 mM each of vitamin B1 and vitamin B12, with or without malate supplementation as indicated previously Xiong et al., 2017) . The pH of the medium was adjusted to 7.0 with potassium hydroxide. Strains of E. coli were grown in Luria broth (LB) or on LB agar (LBA) plates (Difco, BD) or defined medium. Media were supplemented with the following antibiotics (Sigma-Aldrich) where appropriate: kanamycin (Km, 50 µg/ml), ampicillin (Amp, 100 µg/ml), tetracycline (Tet, 125 ng/ml), streptomycin (Sm, 100 µg/ml), and cefoperazone (Cef, 64 µg/ml). Arginine and malate (Sigma-Aldrich) were prepared as a stock concentrate and filter-sterilized before use. Growth status and bacterial cell density were monitored by measuring the optical density at 600 nm (OD 600 ).
Construction of Non-polar Deletion Mutant Strain HLHK9 crp
Unmarked, non-polar deletion of crp was constructed by homologous recombination using the suicide plasmid pCVD442 as described previously (Xiong et al., 2017) . Primers used for the deletion mutagenesis are listed in Supplementary Table S3 . Briefly, the in-frame deletion arrangement of crp containing its 5 -and 3 -flanking regions was generated using the overlap PCR method and sub-cloned into pCVD442. The resulting plasmid was transferred into HLHK9 by bacterial conjugation from E. coli SM10 λ pir. The selection of allelic replacement was performed as described previously (Xiong et al., 2015) , and the mutant strain was further confirmed by PCR using primers LPW17266/17269 and inner primers (LPW30867/30868) specific for the deleted sequence (Supplementary Table S3 ). All mutant strains were confirmed by DNA sequencing.
Growth Kinetics
To determine the growth kinetics of wild-type and mutant strains in modified M63 media, overnight bacterial cultures were diluted 1:50 into fresh M63 broth and further cultured with shaking (250 rpm) at 37 • C, with or without malate supplementation (at final concentration of 20 mM) . To compare the bacterial replicative ability under anaerobic conditions, overnight cultured bacteria were sub-cultured in Lytic/10 Anaerobic/F Medium at 37 • C, in the presence or absence of arginine and malate addition as previously described (Xiong et al., 2015) . One milliliter of cell suspension was monitored at indicated time points by measuring the absorbance at 600 nm (OD 600 ). Experiments were repeated three times in triplicate.
Response to Different Stress Conditions
Laribacter hongkongensis strains were exposed to the following stress conditions before collection of cells for RNA isolation: (i) growth to mid-log phase in modified M63 with or without malate addition, (ii) exposure of mid-log phase cells to acidic conditions (pH 2.0-4.0) and pH 7.0 (PBS) for 60 min, (iii) growth to midlog phase at 20 and 37 • C respectively, and (iv) growth under anaerobic conditions. For each stress condition, bacteria were stabilized first with the RNAprotect bacterial reagent (Qiagen) followed by RNA extraction.
Extraction of Bacterial RNA
Following treatment with the specific stress condition, bacterial total RNA were extracted using the RNeasy Mini kit (Qiagen) as described by the manufacturer. Extracted RNA was then treated with RNase-free DNase I (Roche) at 37 • C for 30 min to decontaminate genomic DNA (Guo et al., 2013) . The concentration of purified RNA was quantified using a Nanodrop ND-1000 (NanoDrop Technologies).
RNA Sequencing and Analysis
The quality and integrity of RNA for RNA sequencing were confirmed by agarose gel electrophoresis (2100 Bioanalyzer, Agilent Technologies, United States). The mRNA was isolated from total RNA samples of three independent replicate biological preparations and pooled together, followed by disrupting fragments as templates for cDNA synthesis. Library construction and sequencing were performed on a BGISEQ-500 platform by Beijing Genomic Institution ( 2 BGI, Shenzhen, China). Cleantags were mapped to the reference genome of HLHK9 3 using Bowtie 2 with parameters specifically chosen for RNA-sequencing quantification (Langmead and Salzberg, 2012) . The sequenced data was used for calculation of gene expression difference and normalization by the RPKM (Reads Per kb per Million reads) method and RSEM software (Li and Dewey, 2011) . The former method normalizes by proportional to the mean length of a transcript, while the latter method is independent of the mean expressed transcript length. Instead, RSEM uses the expectation-maximization algorithm to estimate abundances at the gene level for multiple variables such as library sizes and gene lengths. EBSeq was then used to normalize the RSEM data between different conditions by modeling the differential variability observed in distinct groups to identify differentially expressed genes (DEGs) (Leng et al., 2013) . False discovery rate (FDR) control was used in multiple hypothesis testing to correct for p-value distribution (Mortazavi et al., 2008) as defined by the bioinformatics service of BGI. The genes with FDR ≤ 0.01 and |log 2 ratio| ≥ 1.0 were defined as DEGs. KEGG Pathway enrichment analysis in the KEGG Database 4 was used to identify significantly enriched metabolic or signal transduction pathways in the DEGs (Kanehisa et al., 2008) . The heatmap in this study was generated using the MeV software (Howe et al., 2011) . The raw sequencing data were submitted to NCBI's Gene Expression Omnibus (GEO 5 ) under accession number GSE 135058.
Real-Time Quantitative RT-PCR (qRT-PCR)
Real-time qRT-PCR was performed using FastStart DNA Master SYBR Green I Mix reagent kit (Roche) on an ABI7900HT Fast Real Time PCR machine (Applied Biosystems) as described previously (Xiong et al., 2014 (Xiong et al., , 2017 . The sequences of the primers used for qRT-PCR are listed in Supplementary  Table S2 . The mRNA levels of target genes were determined by quantification of cDNA, and the calculated threshold cycle (CT) of the target gene was calculated as 2 (CtTarget − CtReference) , with normalization to the rpoB gene (Xiong et al., 2017) . Triplicate assays were performed for each target gene and the data are representative of three independent experiments.
Construction of gfp Reporter Strain and Fluorescence Measurement
The crp promoter (Pcrp) was inserted into the suicide vector pVIK165 and transcriptional fused with the promoterless gfp gene. The recombinant suicide plasmids were transferred into wild-type HLHK9 by bacterial conjugation, and integrated into the chromosomes of L. hongkongensis strains by single homologous recombination as previous described (Xiong et al., 2015) . Recombinant plasmid containing Pcrp was generated using primer pairs for PCR and DNA sequencing (Supplementary Table S2 ). GFP expression was calculated as indicated previously (Xiong et al., 2017) . Briefly, bacterial cultures in BHI or modified M63 media with or without malate addition were harvested at mid-log phase, washed twice and resuspended in PBS. GFP signal was measured by a Fusion Universal Microplate Analyzer (VICTOR3; Perkin-Elmer).
Relative fluorescence intensity was calculated by subtracting extinction from the PBS background and showed as total fluorescence (FL) units per OD 600 unit. Each experiment was carried out in triplicate and repeated three times. Bacterial susceptibility to acidic conditions was evaluated by exposure to a range of acidic pHs from pH 2.0 to 4.0 as previously described (Xiong et al., 2014) . Briefly, bacterial cells grown to mid-log phase were incubated in acidic buffer, followed by washing with PBS (pH 7.0). The number of viable cells were determined via serial dilution of each culture and spread on BHA in duplicates. The experiments were repeated three times in triplicate.
Statistical Analysis
Unless otherwise noted, data generated in the wet experiments were expressed as mean ± standard error of the mean (SEM) from three independent experiments. Statistical analysis for the data collected from wet experiments was carried out using the unpaired Student's t-test with GraphPad Prism 5.0. An asterisk indicates a significant difference ( * p < 0.05; * * p < 0.01; * * * p < 0.001; ns, not significant).
RESULTS AND DISCUSSION
Malate Can Be Utilized as a Carbon Source of HLHK9
Carbon sources and related regulatory effects influence a variety of physiological processes including central carbon metabolism, oxidative stress response, virulence, and pathogenesis (Shimizu, 2013; Yang et al., 2016) . To determine whether malate can be utilized as a source of carbon for L. hongkongensis, the WT HLHK9 was grown either in modified minimal medium M63 alone or in the presence of malate as the sole carbon source. No growth was observed in M63 alone, but bacterial growth yields were dramatically restored in the presence of malate ( Figure 1A ), indicating that malate can be employed by L. hongkongensis as a carbon source. Moreover, in line with its asaccharolytic nature and the results of previous studies, bacterial growth was not restored in the presence of glucose (Yuen et al., 2001 and data not shown).
Malate Utilization Enhances the Central Carbon Metabolic Pathway
To better understand the malate-mediated metabolism and related regulatory profiles of L. hongkongensis, we compared the respective expression profiles of L. hongkongensis cells grown in modified M63 media supplemented with or without malate using high-throughput RNA-sequencing. Transcripts that showed significant differences with a FDR ≤ 0.001 and a |log 2 ratio| ≥ 1.0 were accepted as candidate DEGs. Of the 3,001 genes in the L. hongkongensis genome ), the expression of 491 genes was significantly up-regulated and 358 genes were markedly repressed by malate addition (Supplementary Table S1 ). These 849 malate-regulated genes were classified into six functional classes based on the KEGG pathway analysis (Supplementary Table S1 ). Among these DEGs, over half (508 of 849) of them were associated with various metabolic pathways. Under the above conditions (C), the transcript levels of four randomly selected genes that encode for central metabolism were determined by qRT-PCR. (E) Simplified scheme of TCA/glyoxylate cycles and malate catabolism pathway. Error bars represent means ± SEM of three independent experiments ( * P < 0.05; * * P < 0.01; * * * P < 0.001).
This suggested a close relationship of malate metabolism with other metabolic processes. Of note, 34.7% of the DEGs (295 of 849) were assigned to the 'function unknown' class, which encodes hypothetical proteins, conserved hypothetical proteins and proteins with unknown functions (Supplementary Table S1 and Woo et al., 2009) . Among the DEGs associated with central metabolism, those that belonged to the TCA cycle were collectively up-regulated by malate utilization (Figures 1C,D and Supplementary Table S1), suggesting a regulatory effect of malate on central carbon metabolism. Because of the generation of ATP and metabolic intermediates, the TCA cycle is recognized as the most important pathway for cellular energy and metabolism. Specifically, the transcript level of icd, encoding isocitrate dehydrogenase, was dramatically augmented by malate-mediated metabolism. Isocitrate dehydrogenase is responsible for the conversion of isocitrate to alpha-ketoglutarate and is the key rate-limiting step of the TCA cycle ( Figure 1E ). Of note, it was observed that the transcript levels of 9 out of the 16 genes encoding the TCA cycle were dramatically decreased by two-to eight-fold under anaerobic conditions ( Figure 1C and Xiong et al., 2017) , mainly due to the absence of terminal electron acceptors of oxygen. Furthermore, anaerobiosis dramatically repressed the transcript level of icd (Figure 1C) , which was observed to be partially mediated by FNR, a global transcriptional regulator of bacteria anaerobiosis demonstrated in our previous study (Xiong et al., 2017 and Figure 1C) . The demonstration of the regulatory effects of both malate utilization and anaerobiosis on isocitrate dehydrogenase further confirms its importance and suggests that malate-mediated catabolism and anaerobiosis are closely involved in bacterial adaptation and survival and tightly regulates bacterial central metabolism.
We identified genes encoding a complete set of enzymes for the glyoxylate cycle in L. hongkongensis, indicating that there was an economic way for our bacterium to generate anaplerotic and gluconeogenic compounds from acetyl-CoA, thereby utilizing C2 compounds as the sole carbon source (Curreem et al., 2011 and Figure 1E ). Acetyl-CoA is directly generated by the oxidation of fatty acids or other lipids ( Figure 1E ) and the glyoxylate cycle facilitates the anabolism of critical components of bacteria from C2 units by producing C4 intermediates that function as biosynthetic precursors (Munoz-Elias and McKinney, 2005) . In accordance with this, the transcript levels of genes responsible for the glyoxylate cycle, such as aceA, which encodes for isocitrate lyase, and aceB, which encodes for malate synthase, were significantly enhanced by sixfold by malate utilization (Figure 1C) , indicating the involvement of the glyoxylate cycle in the central carbon metabolism of L. hongkongensis. Of note, accumulating evidence has demonstrated that isocitrate lyase, the enzyme responsible for the initial step of the glyoxylate cycle, is involved in the virulence of various pathogenic bacteria (McKinney et al., 2000; Vereecke et al., 2002; Munoz-Elias and McKinney, 2005; Gouzy et al., 2014) as well as fungal pathogens (Lorenz and Fink, 2001; Wang et al., 2003) . It would be interesting to further investigate the pathogenic function of isocitrate lyase the life cycle of L. hongkongensis.
Malate Represses Genes for Utilization of Alternative Carbon Sources
As L. hongkongensis is an asaccharolytic bacterium that is unable to ferment, oxidize, or assimilate most common sugars tested as carbon source, it must utilize other available carbon sources, such as malate, as identified in the present study. Furthermore, based on the whole genomic analysis, L. hongkongensis contains genes encoding enzymes for various pathways responsible for the usage of alternative carbon sources, such as the biosynthesis of different universal amino acids and selenocysteine, anabolism and β-oxidation of saturated fatty acids Curreem et al., 2011) , suggesting that amino acid catabolism and β-oxidation of fatty acids may also be utilized as carbon or energy sources.
Employment of single amino acids as the bacterial carbon and nitrogen source is common and widely distributed over many genera. The metabolic products from these reactions can further participate in other metabolic pathways as intermediates, such as the TCA cycle and gluconeogenesis pathway. We analyzed the transcription profiling of various amino acid transporters and found that only the transporters of Arg/Orn were markedly repressed by the presence of malate (Figure 2A) . Arginine participates in the TCA cycle via the urea cycle or acts as an intermediate of α-ketoglutarate ( Figure 1E) . These results suggest that the use of arginine as an alternative carbon source is inhibited by the presence of malate. Of note, we have previously demonstrated that arginine catabolism mediated by the arc operons plays a vital role as carbon/nitrogen/energy source for bacterial adaptation under anaerobic conditions (Xiong et al., 2017) . The transcriptomic data of malate-related pathways under anaerobiosis was thus also analyzed in parallel. Remarkably, the expressions of genes encoding arc operons were observed to be collectively reduced by the presence of malate ( Figure 2C) . This is consistent with our growth assay that arginine addition did not significantly affect bacterial growth (data not shown). However, the transcript level of speA, which encodes for arginine decarboxylase, was significantly increased by malate supplementation (Figure 2C ), indicating that SpeA was exploited by this bacterium to further reduce arginine concentration under malate utilization. In addition, two arc operon-encoding genes were randomly selected for the assessment of their mRNA levels to confirm the transcriptomic data, using qRT-PCR ( Figure 2D) .
Besides amino acid metabolism, fatty acids respiration has also been demonstrated to be exploited as an important source of carbon by some pathogenic bacteria. For example, extensive studies have shown that during infection, mycobacteria predominantly use fatty acids, instead of carbohydrates, as carbon substrates (Munoz-Elias and McKinney, 2005) . Consistently, genes encoding enzymes responsible for mycobacterial fatty acid metabolism are up-regulated in macrophages and mice (MunozElias and McKinney, 2005) . Fatty acids catabolism is primarily mediated by β-oxidation, where the products of acetyl-CoA are utilized for the TCA cycle, and NADH and FADH 2 are exploited for ATP synthesis (Boshoff and Barry, 2005 and Figure 1E ). In line with this, we identified the genes encoding all of enzymes responsible for the β-oxidation of saturated fatty acids, but not unsaturated fatty acids, in the genome of L. hongkongensis (Curreem et al., 2011) , indicating that these fatty acids may be employed by L. hongkongensis as a carbon/energy source. Our transcriptomic data showed that transcript levels of genes encoding for fatty acid β-oxidation were dramatically decreased by malate-mediated metabolism ( Figure 2C) . Moreover, the expression of two copies of cyclopropane-fatty-acyl-phospholipid synthases (CFA synthase) was also repressed by malate utilization (Figure 2C) , suggesting that L. hongkongensis can employ cyclopropane fatty acid for metabolic purposes. In E. coli, cyclopropane fatty acids found in the bacterial membrane contributes to resist acidic conditions, while these fatty acids are observed to be associated with virulence and pathogenesis in Mycobacterium tuberculosis (Chang and Cronan, 1999; Barkan et al., 2009 ). Taken together, we have demonstrated in the present study that malate-mediated metabolism represses alternative carbon sources including amino acids and fatty acids, suggesting that malate is a preferred carbon source of L. hongkongensis.
Urease-Mediated Nitrogen Metabolism Is Tightly Connected With Malate-Mediated Carbon Metabolism and Anaerobic Adaptation
Amino acids and nucleic acids are vital biomolecules in organisms and their breakdown via nitrogen metabolism is an essential pathway (Shimizu, 2013; Gouzy et al., 2014) , which has tight connections with carbon metabolism (Commichau et al., 2006) . Ammonium is an essential element of central nitrogen metabolism in bacteria (Gouzy et al., 2014) , and can be assimilated by two general pathways distributed in various microorganisms: the low-affinity pathway, which is catalyzed by glutamate dehydrogenase (GDH), with the production of glutamate; and the high-affinity pathway, which uses glutamine synthetase (GS) and glutamine oxoglutarate aminotransferase (GOGAT), to convert glutamate to glutamine, with the incorporation of ammonia ( Figure 3G) .
Bacteria have adapted to exploit various sources of nitrogen, including inorganic compounds such as ammonia, which is the preferred source of nitrogen for most bacteria (Gouzy et al., 2014) which can be provided by urea assimilation Under the above conditions (C), the transcript levels of two randomly selected genes that encode for arginine catabolism were determined by qRT-PCR. Error bars represent means ± SEM of three independent experiments ( * P < 0.05; * * P < 0.01; * * * P < 0.001).
and/or nitrate utilization ( Figure 3G) ; and organic complex compounds such as amino acids (Curreem et al., 2011; Gouzy et al., 2014) . In L. hongkongensis, a complete urease gene cluster is present . Since the final product of the urease pathway is a nitrogen source (urea), it can be exploited by L. hongkongensis as a strategy for nitrogen source adaptation. To examine this hypothesis, we tested the transcript levels of genes encoding the urease cassette and observed the significant increase of these genes by malate-mediated carbon metabolism ( Figure 3A) . Moreover, the transcript levels of genes encoding the urease cassette were also significantly increased under anaerobiosis (Figure 3C ), indicating that urease-mediated nitrogen metabolism is also vital for bacterial adaptation and survival under anaerobic conditions. This enhancement is also mediated by FNR, as confirmed by our results in the current study ( Figure 3D) . The regulatory effect of both of malate addition and anaerobiosis on urease cassette was further demonstrated using qRT-PCR (Figures 3E,F) . Nitrate is another common form of inorganic compounds that can be exploited as a nitrogen source. However, the genome of L. hongkongensis only contains the periplasmic (Nap-type) nitrate reductase; other critical nitrate reductases that reduce nitrate into building blocks are absent (Curreem et al., 2011 and Figure 3G ). Moreover, we did not observe significant changes of the transcript level of Nap nitrate reductase under the examined conditions (Figures 3A-D) . This further suggests that L. hongkongensis is highly reliant on ureasemediated urea catabolism to serve as a nitrogen source.
Malate-Mediated Metabolism Enhances Sulfur Metabolism
As an important component in various metabolites, sulfur is not only distributed in amino acids, i.e., methionine and cysteine, but also involved in some coenzymes (Curreem et al., 2011) . The genome of L. hongkongensis consists of genes encoding the whole set of enzymes responsible for the sulfate assimilation pathway (sulfate permease, ATP sulfhydrylase, ATP reductase, and sulfite reductase), suggesting the possibility that sulfur can be utilized to generate sulfide in L. hongkongensis and contribute to the anabolism of L-cysteine and L-methionine. We determined the expression of these genes in transcriptomic analyses and observed that they were collectively elevated by malate metabolism (Figure 4) , indicating that malate metabolism was involved in regulating the sulfate assimilation pathway. On the other hand, anaerobiosis did not significantly affect sulfur metabolism (Figure 4) .
Malate-Mediated Metabolism Enhances the Respiratory Chain
An increase of TCA cycle activity under aerobic conditions enhances NADH production and thereby activates respiration (Shimizu, 2013) . The major role of the bacterial respiratory chain is transport of electrons from electron donors to acceptors, and the generation of proton gradient during this process contributes to ATP biosynthesis via F 1 F o ATP synthase, a gene which is identified in the genome of L. hongkongensis (Curreem et al., 2011) . Bacteria can use diverse substrates as electron donors, such as NADH, formate and succinate, in which electrons enter the electron transport chain via related dehydrogenases, which are all encoded in L. hongkongensis. This raised the possibility that these dehydrogenases may be involved in the metabolism of our bacterium. Accordingly, we analyzed the transcript levels of genes encoding for these dehydrogenases and found that most of them were significantly enhanced by malate supplementation (Figure 5A) . However, when grown in anaerobic environments, bacteria cannot use these dehydrogenases as electron donors to produce ATP and the expression levels of most dehydrogenases were dramatically reduced accordingly (Figure 5G) , which was partially mediated by FNR (Figure 5J) .
When a bacterium is grown in aerobic conditions, the enzyme oxidase functions for the reduction of the terminal electron acceptor (O 2 ). We identified genes encoding three terminal cytochrome oxidases in the genome of L. hongkongensis: two haem-copper oxidases (type aa3 oxidase and type cbb3 oxidase) and a quinol oxidase (type bd oxidase). The type aa3 oxidase functions for respiration under aerobic conditions, while the type cbb3 and type bd oxidases functions under reduced oxygen tension conditions (Curreem et al., 2011) . Among the three cytochrome oxidases, only the transcript level of cbb3 oxidase was significantly elevated by malate addition (Figure 5B) . In contrast, the transcription profiling of cbb3 oxidase was dramatically repressed under anaerobic conditions (Figures 5H,K) . Of note, type cbb3 oxidase is the most ancient oxidase among the three cytochrome oxidases and is found in almost all proteobacteria except for the anaerobic δ-proteobacteria (Myllykallio and Liebl, 2000) . The expression of F 1 F o ATP synthase was found to also exhibit a similar regulatory trend as that of cbb3 oxidase (Figures 5B,E) .
When a bacterium is grown in anaerobic conditions, the enzyme reductase contributes to the reduction of the terminal electron acceptor. Genes encoding for various reductases were detected in the L. hongkongensis genome, including dimethylsulfoxide (DMSO) reductase, nitrate reductase, fumarate reductase, and tetrathionate reductase (Curreem et al., 2011) , which raised the possibility that our bacterium may employ them as alternative electron acceptors (DMSO, nitrate, fumarate, and tetrathionate, respectively) to oxygen under anaerobic conditions. Transcriptomic data showed that the expression of fumarate reductase, DMSO reductase and tetrathionate reductase were not significantly affected by malate supplementation (Figures 5C,F) . On the other hand, the transcript level of these reductases were significantly enhanced under anaerobic conditions (Figure 5I ), and were partially influenced by FNR ( Figure 5L) . Remarkably, DMSO is abundant in aquatic environments, so the involvement of DMSO reductase in anaerobic adaptation is in line with the bacterial living niches as found in the freshwater environment and in fishes (Lau et al., 2007b . Notably, among members of the family Neisseriaceae with complete bacterial genome sequences available, the ttr operon, which encodes the active tetrathionate reduction system and is responsible for tetrathionate respiration, is detected only in the genome of L. hongkongensis (LHK_RS06770-LHK_RS06780). The use of tetrathionate reductase as an electron acceptor indicates the importance of tetrathionate utilization for anaerobic adaptation, which was observed in several genera of Enterobacteriaceae including Citrobacter, Salmonella, Yersinia, and Proteus (Barrett and Clark, 1987) . Furthermore, S. enterica serovar Typhimurium was found to employ the tetrathionate respiration to compete with the microbiota in the gut so as to promote its growth in the gut during inflammation (Winter et al., 2010) . Specifically, the reactive oxygen species generated by inflammation react with thiosulfate to produce tetrathionate sources (Winter et al., 2010) . Given the association of L. hongkongensis with diarrhea, the presence of genes encoding the complete tetrathionate reduction system indicate that our bacterium may exploit the similar electron acceptor (tetrathionate) strategy for generating a growth advantage during infection.
Identification of CRP Regulator Repressed by Malate-Mediated Metabolism
Among the DEGs regulated by malate utilization, a transcriptional regulator named CRP (encoded by gene LHK_RS10955) was observed to be dramatically repressed in the presence of malate ( Figure 1C) . CRP is a global transcriptional regulator that is widely distributed among bacteria. It mediates (A-D) , the transcript levels of genes encoding for urease-mediated nitrogen metabolism were determined by qRT-PCR (E,F). (G) Simplified organization of nitrogen metabolism in L. hongkongensis. Error bars represent means ± SEM of three independent experiments ( * P < 0.05; * * P < 0.01; * * * P < 0.001).
FIGURE 4 | The sulfate assimilation pathway is enhanced by malate utilization and negatively affected by CRP, but not significantly influenced by anaerobiosis. The sulfate assimilation pathway converts inorganic sulfate to sulfide and enter L-cysteine and L-methionine biosynthetic pathways, with the corresponding ORF associated with each enzymatic step. The transcriptomic data were collected from the same treatment as indicated in Figure 3 . The log 2 ratio of different treatments is shown alongside the ORF.
CCR by binding at specific consensus sequences (Stulke and Hillen, 1999; Liang et al., 2008) . Using the protein domain analysis of PROSITE web-server 6 (Sigrist et al., 2010) , we identified a typical conserved helix-turn-helix (HTH) DNA binding motif in the CRP of L. hongkongensis (data not shown), implying the CRP may exert similar regulatory function as demonstrated in other bacterial species.
To confirm the inhibitory effect of malate addition on crp expression in L. hongkongensis, the expression level of crp was measured in the WT strain in the absence and presence of malate, using qRT-PCR. Consistent with the transcriptomic data ( Figure 1C) , the transcriptional level of crp was dramatically decreased in the presence of malate ( Figure 6A) . The effect of malate on the promoter activity of the crp (Pcrp) was further evaluated using a plasmid-based gfp gene reporter system. Reporter strains were constructed in WT HLHK9, and contained chromosomal copies of the gfp reporter gene immediately downstream of the Pcrp. Reporter activity was then observed by measuring fluorescence produced by the green 6 http://prosite.expasy.org/prosite.html fluorescent protein (GFP) with or without malate supplement. Malate addition was observed to significantly reduce the relative fluorescence intensity levels ( Figure 6B) , indicating a substantial reduction of Pcrp activity. These results demonstrate the negative regulatory effect of malate on crp expression in L. hongkongensis.
CRP Negatively Regulates Malate Utilization and Malate-Mediated Metabolism in L. hongkongensis
To explore the role of crp in malate-mediated metabolism of L. hongkongensis, an in-frame deletion mutant HLHK9 crp was constructed, and the growth profile of the mutant was compared to that of the HLHK9 WT strain. As shown in Figure 1A , a comparable reduction in the rate of growth was detected in crp and the WT strain when cultured in modified medium M63 without malate. However, growth with malate supplementation resulted in a faster growth rate for crp mutant as compared to that of the WT strain. The enhanced growth profile of crp was also observed in rich media (BHI broth) when compared with that of the WT strain ( Figure 1B) . Our FIGURE 5 | The respiratory chains (including electron donors, electron acceptors for aerobic respiration and electron acceptors for anaerobic respiration) of L. hongkongensis were enhanced by malate addition while reduced under anaerobic condition, which were partial mediated by CRP and FNR respectively. The relative expression of genes encoding respiratory chains were compared in WT strain under malate present (WT + M) and absent conditions (WT-M) (A-C), and between WT and crp strains with malate supplementation (WT + M; crp + M) (D-F). The transcriptional profiles of these genes were also compared in WT strain under aerobic (WT_AE) and anaerobic conditions (WT_AN) (G-I), and between WT and fnr strains under anaerobic conditions (WT_ AN; fnr_AN) (J-L). Each dot is representative of a single gene. The dashed lines represent a twofold over-expression (black, upper line), equal-expression (red, middle line) and -2-fold expression (black, lower line) of ratio of axis Y/X defined by log 2 of FPKM.
FIGURE 6 | A newly identified transcriptional regulator CRP, negatively regulates malate-mediated metabolism and contributes to the biological fitness of L. hongkongensis. Comparison of the mRNA levels of crp (A) and promoter activities of Pcrp (B) in wild-type HLHK9, cultivated in modified minimal media M63, in the absence or presence of malate. The Pcrp was transcriptionally fused with gfp gene as described in the Experimental Procedures, and promoter activity was monitored by comparing GFP fluorescence/OD 600 . (C) Growth curves of HLHK9 versus derivative mutant strain crp grown under anaerobic conditions, in the absence or presence of malate [M] and arginine [A] . The optical density at 600 nm (OD 600 ) was measured hourly over 10 h. (D) Survival of HLHK9 and derivative mutant crp under acidic conditions. Survivors were enumerated by plating serial dilutions on BHA plates. Comparison of the mRNA levels of the gene encoding for CRP in L. hongkongensis, under aerobic or anaerobic conditions (E), and normal (pH 7.0) or acidic conditions (pH 2.0-4.0) (F). Error bars represent means ± SEM of three independent experiments. Asterisks indicate a significant difference ( * P < 0.05; * * P < 0.01; * * * P < 0.001).
results suggested that the CRP regulator is involved in the negative regulation of malate metabolism in L. hongkongensis as a negative feedback loop.
To comprehensively study the regulatory effect of CRP on malate-mediated metabolism in L. hongkongensis, the transcription profile of HLHK9 crp was globally evaluated by transcriptomic analyses and was compared with that of WT (Supplementary Table S1 ). Since CRP expression was already dramatically repressed by the presence of malate in the WT strain, there was limited capacity for further reduction of CRP expression in the crp mutant, hence the effect of crp-deficiency on the expression of regulated genes was greatly compromised and very few DEGs were included in the transcriptomic data using the same cutoff mentioned above ( Figures 1C, 2B and Supplementary Table S1 ). However, when we further analyzed the whole transcriptomic data (Supplementary Table S4) , it was clearly observed that CRP had a regulatory effect on malate-mediated metabolism in L. hongkongensis. Firstly, the transcript levels of genes encoding the central metabolic pathway that were enhanced by malate utilization, such as aceA, icd and mdh, were further elevated by crp deletion (Figure 1C) , indicating the negatively regulatory effect of CRP on malate-mediated TCA cycles. This negative effect was further confirmed by qRT-PCR ( Figure 1D) . Secondly, the repressive influence of malate on alternative carbon sources, arginine catabolism (such as arc operons) and fatty acid beta-oxidation (such as CFA synthase), was also partially attenuated by CRP, as elucidated by both transcriptomic analysis and qRT-PCR (Figures 2C,D) . Thirdly, deletion of crp further collectively elevated the expression of genes encoding the urease cassette (such as ureA) (Figures 3B,E) , sulfur metabolism (such as sulfate permease) (Figure 4 ) and respiratory chain (such as cbb3) (Figures 5A-F) . Taken together, we demonstrated the negative regulatory role of CRP over malate-mediated metabolism in L. hongkongensis.
CRP Responds to Various Environmental Stresses and Contributes to Biological Fitness of L. hongkongensis
To determine the contribution of CRP to bacterial biological fitness, we further compared the adaptive capability of WT and crp mutant strains under stress conditions. In our previous study, we demonstrated that HLHK9 has versatile abilities to adapt to various hostile environmental niches. Among others, the extreme acidic environment of the stomach and the limited supply of oxygen present within the gastrointestinal tract are two major environmental stresses encountered during infection (Xiong et al., 2015 (Xiong et al., , 2017 . The adaptation of L. hongkongensis to these environmental stresses was studied in the present study.
The transcript level of crp was observed to be significantly increased under anaerobiosis (Figure 1C) , suggesting the involvement of CRP in anaerobic adaptation. First, we evaluated the growth kinetics of WT HLHK9 and derivative mutant crp strain under anaerobic conditions, in the absence or presence of malate and arginine supplement. Consistent with our previous data, the wild-type strain HLHK9 replicated slowly over time under anaerobic conditions without arginine addition (Xiong et al., 2017) , and the crp mutant exhibited a similar growth defect in comparison with that of WT ( Figure 6C) . In the presence of arginine and malate, the growth of WT was completely restored under anoxic conditions, while deletion of crp markedly compromised bacterial growth ( Figure 6C ). HLHK9 and crp mutant strain were further exposed to a range of acidic pHs (from pH 2.0 to 4.0) in the presence of 25 mM of L-arginine. In accordance with our previous study (Xiong et al., 2014) , we observed good survival of WT L. hongkongensis HLHK9 under the tested pHs. However, deletion of crp rendered the bacteria less resistant to acidic exposure and significantly decreased its survival ( Figure 6D) . Consistently, the expression FIGURE 7 | The proposed model for biological fitness mediated by malate in L. hongkongensis. Malate can be utilized as a sole carbon source and enhance the central metabolism, urease-mediated nitrogen metabolism, sulfate assimilation and respiratory metabolism. On the other hand, this process is precisely regulated by the transcription factor CRP, which can negatively balance this process by regulating other transcription factors (TFs) or target genes directly or indirectly, to form transcriptional regulatory networks and delicate feedback loop, thereby finely monitoring bacterial adaptation to various stresses. levels of crp was markedly increased under anaerobic conditions ( Figure 6E ) and acidic pHs ( Figure 6F) . Furthermore, we assessed the mRNA level of crp under growth temperatures of 20 and 37 • C and did not observe any significant differences in growth rate (data not shown), which is in line with our previous transcriptomic data (Kong et al., 2017) . These findings emphasize the important contributions of the transcription factor CRP for the biological fitness of L. hongkongensis.
CONCLUSION
We have completed an extensive analysis of the regulatory mechanisms associated with malate utilization as a source of carbon on the central metabolic pathway of L. hongkongensis. Our data clearly demonstrates that malate in L. hongkongensis represses the utilization of alternative carbon sources, suggesting an important role of malate in the physiology of our bacterium as a preferred carbon source. The utilization of malate by L. hongkongensis has also led to significant enhancement of respiratory chain activity as well as central carbon, sulfur and urease-mediated nitrogen metabolisms. We further identified the transcription factor of CRP as a negative regulator of malate-mediated metabolism by forming transcriptional regulatory networks via regulating other transcription factors or target genes, as summarized in Figure 7 . Remarkably, CRP also responds to various environmental stresses and contributes to the biological fitness of L. hongkongensis, which have been demonstrated to be tightly linked to bacterial virulence and pathogenicity. We also demonstrated the close relationship of malate-mediated catabolism with anaerobiosis for bacterial adaptation. Our new findings provide a comprehensive understanding of carbon/nitrogen metabolism of L. hongkongensis and emphasize the outstanding importance of metabolic adaptation for coordinating biological fitness, and possibly, the pathogenesis of our bacterium.
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